A salient visual stimulus can be rendered invisible by presenting it to one eye while flashing a mask to the other eye. This procedure, called continuous flash suppression (CFS), has been proposed as an ideal way of studying awareness as it can make a stimulus imperceptible for extended periods of time. Previous studies have reported robust suppression of cortical activity in higher visual areas during CFS, but the role of primary visual cortex (V1) is still controversial. In this study, we resolve this controversy on the role of V1 in CFS and also begin characterizing the computational processes underlying CFS. Early visual cortical activity was measured with functional magnetic resonance imaging while human subjects viewed stimuli composed of target and mask, presented to the same or different eyes. Functional MRI responses in early visual cortex were smaller when target and mask were in different eyes compared with the same eye, not only for the lowest contrast target rendered invisible by CFS, but also for higher contrast targets, which were visible even when presented to the eye opposite the mask. We infer that CFS is based on modulating the gain of neural responses, akin to reducing target contrast.
Introduction
One way of studying the neural basis of visual awareness is by comparing activity evoked by a visible image with that evoked by a similar image that is rendered invisible. Changing the physical properties of a stimulus (e.g., lowering contrast) is a trivial way of rendering it unperceivable, but such changes would make the visible and invisible categories incomparable. Another idea for making a stimulus unperceivable while keeping its physical properties intact is to change the context instead of changing the stimulus itself. Continuous flash suppression (CFS) has been proposed to do just that (Tsuchiya and Koch, 2005) . CFS is based on binocular flash suppression (Wolfe, 1984) and binocular rivalry (Wheatstone, 1838) . By presenting a flashing mask to one eye, a low-contrast target presented to the other eye can be rendered invisible for longer than with similar methods (such as standard binocular rivalry). Because this compelling perceptual phenomenon is achieved without changing the target, CFS has been used to study visual awareness using behavioral measurements (Jiang et al., 2006; Yang et al., 2007) , functional magnetic resonance imaging (fMRI), and electrophysiology (Sterzer et al., 2009; Kang et al., 2011) . A similar phenomenon called generalized flash suppression (GFS) has been used in monkey electrophysiology and fMRI studies Maier et al., 2008) .
Previous studies reported robust suppression of activity in higher visual areas during CFS (Fang and He, 2005; Jiang and He, 2006; Hesselmann and Malach, 2011) , but the role of primary visual cortex (V1) is controversial. One study reported no evidence for differences (a null result) in human V1 fMRI responses between visible and invisible stimuli (Watanabe et al., 2011) , but another study found a difference in monkey V1 fMRI responses (Maier et al., 2008) . Possible explanations for this discrepancy are as follows: (1) lack of statistical power underlying the null result, (2) different species, (3) different stimulus configurations, and (4) an attention confound, i.e., that the positive result in the monkey study is "because attention was not thoroughly controlled" (Watanabe et al., 2011) .
Here, we resolve this controversy on the role of V1 in CFS, and offer an explanation of the computational processes underlying CFS. We measured activity in human V1 using fMRI while subjects viewed CFS stimuli composed of a target and mask, presented to the same eye (visible) or to different eyes (invisible). Subjects performed a task that diverted attention away from the stimuli. Each subject participated in multiple fMRI scanning sessions to ensure sufficient statistical power. The amplitudes of fMRI responses in V1 were smaller when target and mask were in different eyes, compared with the same eye. Our results suggest that CFS is a form of perceptual masking, for which the presence of a mask suppresses activity evoked by the target (Legge and Foley, 1980; Carandini and Heeger, 2012) , and that the suppression is stronger when mask and target are presented to different eyes. We propose that CFS impacts awareness by modulating the gain of neural responses to the target, at an early stage of visual processing, akin to reducing target contrast.
Materials and Methods
Subjects and experimental sessions. Data were acquired from four healthy subjects with normal or corrected-to-normal vision (two females, age range, 21-42). One subject was an author (S4). Experiments were con-ducted with the written consent of each subject and in accordance with the safety guidelines of fMRI research, as approved by the University Committee on Activities Involving Human Subjects at New York University. Each subject participated in five MRI scanning sessions: one session to obtain a high-resolution anatomical volume, one session for standard retinotopic mapping (Engel et al., 1994; Larsson and Heeger, 2006; Wandell et al., 2007) , and three sessions of the main experiment. Each subject participated in a behavioral pilot experiment to select the target stimulus contrasts, in the MRI scanner. In addition, subjects S2-S4 participated in a behavioral control experiment, including 2-3 sessions outside the MRI scanner.
Stimuli. A mask was presented to one eye and a target to either the same eye as the mask ("same eye") or to the other eye ("different eyes"). The target and mask configuration was nearly identical to that used in a previous fMRI study of CFS that reported no evidence for a difference in V1 activity between same eye (visible) and different eyes (invisible) (Watanabe et al., 2011) , and was further optimized to maximize suppression (see Results and Fig. 1 ). There were two differences between the stimuli in the previous study and the current study: (1) we used a lower target spatial frequency and slower motion (0.2 cpd and 1 Hz vs 1.5 cpd and 5 Hz) because with these parameters the target was suppressed more efficiently in our hands, and (2) the stimulus aperture was smaller in the current experiment (2.9°vs 5°radius) because the display size was limited by our binocular setup. The mask was composed of 200 moving, squarewave grating patches (3, 7, 11, or 15 cpd; 1 Hz), placed at random positions and orientations within an annulus (inner radius 2°, outer radius 3°), and centered 1.5°to the right of fixation (Fig. 1) . The locations and orientations of the component gratings were selected randomly and updated at 12 Hz. The target was a moving, sinusoidal grating (0.2 cpd; 1 Hz), slightly tilted from vertical (10°, either clockwise or counterclockwise), in a circular aperture (radius 2.9°), centered with the mask (Fig. 1) . The target had one of four contrast levels: no target (0 contrast), low contrast (visible for same eye but invisible for different eyes), medium contrast (two times the low contrast, and visible for both same and different eyes), or high contrast (four times the low contrast and visible). The low contrast was determined with a pretest to measure visibility threshold (see details below and Table 1 ). The target and mask were presented in alternating screen refreshes, creating a perception of target blended within the mask (in conditions when the target was visible). In addition, a stream of letters (size ϳ0.25°) was presented at fixation and refreshed at a rate of 5 Hz. Stimuli were generated using MATLAB (MathWorks) and MGL (available at http://justingardner.net/mgl) on a Macintosh computer. Stimuli were displayed in the MRI scanner with an LCD projector (Eiki LC-XG250, 60 Hz refresh rate) onto a backprojection screen in the bore of the magnet. Subjects were supine and viewed the projected stimuli through converging prisms and an angled mirror.
Binocular fusion. Stimuli were presented to the two eyes on a split screen, in two checkerboard-textured frames 6°to the left and right of center (Fig. 1) . A septum (black, cardboard divider) ensured that the right image was visible exclusively to the right eye and the left image to the left eye. Binocular fusion was achieved with the aid of converging (prism) Figure 1 . Stimuli and experimental protocol. CFS stimuli were presented for 1.5 s, followed by an ITI (4.5-7.5 s). Left, Target and mask presented to the same eye. Middle, Target and mask presented to different eyes. Right, Mask only (no target). Stimuli were presented to the two eyes on a split screen. Binocular fusion was achieved using converging prisms. The checkerboard-textured frames and the stream of letters were identical in the two eyes, assisting fusion. The resulting fused precept was of a centered single frame with a single letter stream to the left of the frame's center. Subjects were instructed to fixate the letters. The letters in the figure are presented at a larger scale than the rest of the figure to enhance their visibility. Each row corresponds to a different subject. Bottom row, mean and SEM across subjects. Columns (left to right): target contrasts; close-to-zero dЈ for target and mask presented to different eyes; close-to-chance orientation-discrimination performance for target and mask presented to different eyes; well above-chance orientation-discrimination performance for target and mask presented to the same eye.
lenses, placed in an MRI-compatible glasses frame (Schurger, 2009) . The checkerboard-textured frames and the stream of letters were identical in the two eyes, assisting fusion. The resulting fused precept was of a centered single frame with a single letter stream 2.5°to the left of the frame's center. Subjects were instructed to fixate the letters. Main experiment (fMRI ). Each session included at least 10 5 min runs, each including 48 -49 trials. The mask was presented in all trials to one eye, the eye for which suppression was found to be strongest (as determined for each subject individually, see below), and the experimental conditions differed in the presentation of the target. The target was either absent ("mask-only") or presented with either low, medium, or high contrasts, in equal probabilities. The target was presented to the same eye as the mask (same eye condition) for half the trials, and to the other eye (different eyes) for the other half. This resulted in a total of seven trial types: mask-only, low-same, low-different, medium-same, mediumdifferent, high-same, and high-different. These seven trial types were presented in random order. For three of the four subjects (S2-S4) there were approximately equal numbers of trials for each of the seven trial types (189 -344 per trial type with an average of 258). Subject S1 participated in an earlier version of the experiment, which was identical to the final version in every respect except that the seven stimulus conditions did not have equal probabilities of being presented on each trial. This subject performed fewer high-contrast trials (same eye: 157; different eyes: 159) and fewer medium-contrast trials (same eye: 36; different eyes: 35) than the rest of the subjects. Each trial was 1.5 s in duration. Each intertrial interval (ITI) was chosen randomly, with equal probabilities, to be either 4.5, 6, or 7.5 s.
fMRI responses in visual cortex are strongly influenced by fluctuations in attention, blinks, and eye movements, which in turn can be influenced by task demands and perceptual decisions (Gandhi et al., 1999; Tse et al., 2010; Hupé et al., 2012) . In addition, interocular conflict has been shown to attract attention (Paffen et al., 2012) . To emphasize the stimulusevoked visual responses, subjects performed a task during the main experiment that controlled and diverted the focus of attention away from the CFS targets (see control experiment below). Specifically, subjects performed a continuous detection task on the letter stream throughout each run. The task was to indicate, by means of a button press, whether the current letter was an "X." To help ensure that blinks were not synchronized with target grating visibility, subjects were also instructed to blink only when pressing the button in response to the letter stream.
Pretest to determine threshold. When using CFS to study unawareness it is crucial to measure the visibility of the target. We determined each subject's visibility threshold with a behavioral pretest, including catch trials with no target. This pretest was conducted before the main experiment, while subjects were lying in the scanner. However, subjects did not perform this task while acquiring fMRI measurements during the main experiment; instead, they performed a continuous detection task (see above).
The pretest consisted of two stages. The purpose of the first stage was to choose the highest contrast that would be invisible when mask and target were presented to different eyes (under CFS). The purpose of the second stage was to confirm that this contrast was visible when mask and target were presented to the same eye. The display was identical to the main experiment except that a fixation cross replaced the letter stream and the ITI was fixed at 0.5 s. Stage 1 started with a contrast that was robustly visible in all subjects (30%), gradually decreasing until the subject reported that he/she could no longer see the stimulus. Following this the subject performed a stimulus detection task for 200 trials, 50% maskonly trials and 50% with mask and target in different eyes, randomly interleaved. Subjects were instructed to press one of two buttons to indicate if the target was present. Subjects were informed that 50% of the trials include a target, encouraging them to adopt a balanced criterion. Detection performance was quantified by measuring dЈ from the hit rate and false-alarm rate. If the resulting dЈ was reliably Ͼ0, then the procedure was repeated with another 100 trials at a lower contrast. This procedure was repeated until dЈ was statistically indistinguishable from, or less than, 0. This test was performed twice, with the mask presented to the left and to the right eye. The eye that provided the higher contrast threshold was chosen as the "mask eye" for the main experiment. The purpose of the second stage was to measure orientation-discrimination performance with target and mask in the same eye or in different eyes, using the contrast level and the mask eye determined in stage 1. Targets were tilted 10°from vertical, either clockwise or counterclockwise. Same-eye and different-eyes trials, and clockwise and counterclockwise tilts, were presented in random order with equal probabilities. Subjects were instructed to press one of two buttons to indicate the target tilt (clockwise or counterclockwise from vertical). In both stages of the pretest, the color of the fixation cross provided feedback by changing to red when the subject's response was incorrect or to green when it was correct.
Diverted attention control experiment. The purpose of this experiment was to measure the efficacy of the letter-detection task in diverting attention from the CFS stimuli. Three of the four subjects participated (S1 was unavailable). This control experiment had two stages. For both stages, subjects viewed stimuli in a dark psychophysics lab room, on a chin rest, at a distance of 57 cm from a CRT monitor (HP p1230, 75 Hz refresh rate). The first stage was identical to the first pretest (see above), with the purpose of choosing a contrast that was suppressed to invisibility like the low contrast used in the main experiment. In the second stage, the experimental procedure was similar to that of the main experiment, but with the following differences. The letters were replaced by a fixation cross between trials. In each trial the grating target was either present (low contrast) or absent and the stream of letters either included one letter X or did not include any. In separate blocks, the mask and target were presented to the same or to different eyes. Subjects were instructed to perform two tasks sequentially: target detection (press one of two buttons to indicate if a target was present) and letter detection (press one of two buttons to indicate if an X was present). Button presses were performed during the ITI and triggered a brief change in the color of fixation that indicated that the button press was registered, but did not provide correct/incorrect feedback. The grating-detection task was primary in one session, i.e., subjects were instructed to attend and respond first to the grating-detection task. The letter-detection task was primary in another session, i.e., subjects were instructed to attend and respond first to the letter-detection task. The two sessions were performed on separate days to avoid confusion about which task was primary. For two of the three subjects, the letter-discrimination task was primary in the first of these two sessions, and the target-detection task was primary in the second session, vice versa for the third subject.
MRI acquisition. MRI data were acquired on a Siemens 3 T Allegra head-only scanner using a head coil (NM-011) for transmitting and an eight-channel phased-array surface coil (MMSC-071; both Nova Medical) for receiving. We used gradient-recalled echo-planar imaging to measure blood oxygen level-dependent (BOLD) changes in image intensity (Ogawa et al., 1990) . We acquired 23 slices oriented perpendicular to the calcarine sulcus and positioned with the most posterior slice at the occipital pole (1500 ms repetition time; 30 ms echo time; 72°flip angle; 2 ϫ 2 ϫ 2.5 mm voxel size; 104 ϫ 80 voxel grid). A T1-weighted magnetization-prepared rapid gradient echo anatomical volume (MPRAGE) was acquired in each scanning session with the same slice prescriptions as the functional images (1530 ms repetition time; 3.8 ms echo time; 8°flip angle; 1 ϫ 1 ϫ 2.5 mm voxel size; 256 ϫ 160 voxel grid). A high-resolution anatomical volume, acquired in a separate session, was the average of three MPRAGE scans that were aligned to one another and averaged (2500 ms repetition time; 3.93 ms echo time; 8°flip angle; 1 ϫ 1 ϫ 1 mm voxel size; 256 ϫ 256 voxel grid). This high-resolution anatomical scan was used both for registration across scanning sessions and for gray-matter segmentation and cortical flattening.
fMRI data analysis. The fMRI data were analyzed using MATLAB (MathWorks) and mrTools (available at http://www.cns.nyu.edu/ heegerlab) on a Macintosh computer. The anatomical volume acquired in each scanning session was aligned to the high-resolution anatomical volume of the same subject's brain, using a robust image-registration algorithm (Nestares and Heeger, 2000) . Data from the first eight frames of each functional run were discarded to minimize the effect of transient magnetic saturation and allow the hemodynamic response to reach steady state. Head movement within and across runs was compensated for using standard procedures (Nestares and Heeger, 2000). The time series from each voxel was divided by its mean to convert from arbitrary intensity units to percentage modulation and was high-pass filtered (cutoff: 0.01 Hz) to remove low-frequency noise and drift (Smith et al., 1999) .
The fMRI data from the main experiment were analyzed in regions of interest (ROIs) in the cortical gray matter corresponding to the representations in V1, V2, and V3 of the inner circle of the mask's annulus (see below). The preprocessed time series were averaged across gray matter voxels within each ROI.
We performed a deconvolution analysis (Dale, 1999) to estimate the fMRI response time course for each individual subject and each stimulus condition (see Fig. 4B ). This procedure is equivalent to trial-triggered averaging with correction for overlap between temporally adjacent responses (Dale, 1999) , based on the assumption that hemodynamic responses superimpose linearly over time (Boynton et al., 1996; Cardoso et al., 2012) . The individual subject fMRI response time courses plotted in Figure 4B were each rescaled relative to the peak of that subject's high contrast same eye curve. The response time courses were also averaged across all trials, separately for each ROI, normalized (sum ϭ 1), and used as each subject's own typical hemodynamic response function (HRF) for that ROI to estimate response amplitudes.
Response amplitudes were estimated, separately for each trial type and separately for each subject, using linear regression. Each row of the regression matrix corresponded to a time point in the experiment and each column represented one of the seven stimulus conditions. The expected neural activity (each column of the matrix) was convolved with the subject's own HRF (as described above) to create a model of the expected fMRI responses (Boynton et al., 1996) . We then estimated the response amplitudes (␤ values) by solving an equation of the form y ϭ Ax, where the vector y was the measured fMRI time series during one run, the vector x was the response amplitudes, and A was the regression matrix described above. The response amplitudes were then averaged across subjects (Fig. 4A) .
Statistics. Nonparametric randomization tests were used to assess the statistical reliability of the differences between the responses to the different stimulus conditions. For each of the three contrasts, we obtained a null distribution for the difference in fMRI response amplitudes between same eye and different eyes. This distribution was created by repeating the regression analysis described above (including averaging across subjects) 1000 times, each time following random shuffling of trial tags (same vs different eyes). The measured difference value was then compared with the null distribution; the proportion of the null distribution greater than the measured value was designated as the (one-tailed) p value. The analysis accounted for the different number of trials per condition in subject S1. Performing the same analyses without including subject S1 supported the same conclusions.
A bootstrap procedure specified the error bars for the response amplitudes to each stimulus condition (Fig. 4A ). This was done by repeating the regression 1000 times, randomly resampling (with replacement) the data from each subject. We resampled entire runs from each scanning session (not individual trials), because the bootstrap procedure presumed that each resampling of the data was statistically independent. The analysis again accounted for the different number of trials per condition in subject S1.
A similar bootstrap procedure was used to compare suppression across visual areas. We defined a suppression index:
, where R d was the response amplitude when target and mask were presented to different eyes and R m was the response amplitude to the mask-only stimulus. We then calculated the distribution of the pairwise differences between suppression indices for each pair of visual areas (e.g., V1 and V2). This created a distribution of the differences in suppression indices. This was done by repeating the regression 1000 times, randomly resampling (with replacement) the data from each subject. The proportion of the resulting difference distribution that was greater than (or less than) 0 was designated as the (two-tailed) p value.
A complementary procedure tested the statistical significance of differences in activity, for each subject individually. For each experimental session and contrast, the response amplitude evoked by the same eye was subtracted from that evoked by the corresponding different eyes stimulus condition. A Wilcoxon signed-rank test (Wilcoxon, 1945) was then used to determine whether these differences were significantly larger than 0.
A randomization procedure assessed statistical significance of the behavioral data (pretest and diverted attention control). The null distribution was created by repeatedly calculating accuracy rates 1000 times, each time following random shuffling of trial tags (same vs different eyes). The proportion of the null distribution greater than the measured value was designated as the (one-tailed) p value.
Defining retinotopic regions of interest. V1, V2, and V3 were identified in each hemisphere of each subject by measuring retinotopic maps. A traveling-wave retinotopic-mapping protocol was used for one of the subjects (Engel et al., 1997; Larsson and Heeger, 2006) . A populationreceptive field-mapping protocol was used for the other three subjects (Dumoulin and Wandell, 2008) . Visual cortical areas were identified by the retinotopic maps on flattened representations of the cortical surface. For each observer, cortical reconstruction and volumetric segmentation was performed with the FreeSurfer image analysis suite (http://surfer. nmr.mgh.harvard.edu/). The technical details of these procedures are described in prior publications (Larsson and Heeger, 2006) . Visual area boundaries were drawn by hand on the flattened representations of each subject's cortical surface, following published conventions (Wandell et al., 2007) , and the corresponding gray matter coordinates were recorded.
ROIs were defined, individually for each subject, to include the subarea of V1, V2, and V3 responsive to the inner circle of the mask's annulus (Fig. 2) . These ROIs included both dorsal and ventral subregions of V2 and V3. These subregions of each visual area were identified according to a localizer experiment acquired at the beginning of each scanning Figure 2 . ROIs, for a typical example subject, visualized on a flattened representation of the subject's occipital lobe. A, Target-related activity. Activity corresponding to retinotopic location of the target, averaged across three localizer runs. Dark gray corresponds to sulci. Light gray corresponds to gyri. Red patches correspond to statistically significant activity (see Materials and Methods). Blue outline, V1 target ROI. Green outlines, V2 target ROI. Purple outlines, V3 target ROI. B, Mask-related activity. Activity evoked by mask-only trials during the main experiment (same format as A).
session of the main experiment. During these localizer runs, subjects held fixation while the display alternated every 9 s between a uniform gray field and a high-contrast checkerboard pattern within the inner circle of the mask annulus. This inner circle was the region of the display where the target was presented, but not overlapping with the mask. We identified voxels within V1, V2, and V3 gray matter for which the activity strongly correlated with the stimulus alternation (r Ͼ 0.5). These ROIs were thus defined based on measurements (from the retinotopic mapping and localizer experiments) that were statistically independent of those from the main experiment, i.e., measured in separate runs ( Fig. 2A) .
Statistical parameter mapping. We performed complimentary statistical parameter mapping analysis, in addition to the main analysis (see above). The goal of this analysis was to search for post hoc differences in responses (same vs different eyes) across all gray matter voxels in the acquired slices. Response amplitudes were recalculated as outlined above, but separately for each voxel. Statistics ( p values) were computed using two complementary procedures. First, we performed a Wilcoxon signed-rank test (Wilcoxon, 1945) as outlined above, but separately for each voxel, and individually for each subject. The resulting p values were then corrected for multiple comparisons using the false discovery rate (FDR) procedure (Benjamini and Hochberg, 1995) . Second, we performed a nonparametric randomization test (Raz et al., 2003; Gardner et al., 2008) individually for each subject. Same-eye and different-eyes trial tags were randomly shuffled and response amplitudes were recalculated for each voxel. Differences between response amplitudes computed with the randomized trial sequence were considered samples from null distributions, i.e., values that would be expected by chance according to the null hypothesis that there was no difference in mean activity when target and mask were presented to the same eye versus different eyes. The randomization was repeated 1000 times to produce null distributions for each voxel. The actual response difference (computed using the correct trial sequence) was compared with the null distribution, separately for each voxel; the percentage of the null distribution greater than or equal to the actual response difference was designated as the (one-tailed) p value. The resulting p values were then corrected for multiple comparisons using FDR (Benjamini and Hochberg, 1995) .
Analogous randomization procedures were used to compute maps of activity evoked by the target localizer (see above, Defining retinotopic regions of interest) and by the mask (using the mask-only trials from the main experiment). To obtain the null distribution of target-related activity the trial tags of the localizer experiment were shuffled. To obtain the null distribution of mask-related activity, trial order and ITI of the main experiment were shuffled. These maps were visualized on flattened representations of each subject's cortical surface (Fig. 2) .
Results

Pretest to determine threshold
The low contrast was selected by the pretest, individually for each subject, as the highest contrast producing robust invisibility under CFS (see Materials and Methods). Detection was indistinguishable from chance for targets of that contrast (Table 1 ; p Ն 0.36 for each subject individually; nonparametric, one-tailed randomization test; see Materials and Methods). The poor psychophysical performance (close-to-zero dЈ values) confirmed subjective reports by all four subjects that the target was invisible; the mean dЈ value was 11 SEs less than dЈ ϭ 1, which is typically considered psychophysical threshold. A second experiment (see Materials and Methods) confirmed that, with this contrast, orientationdiscrimination accuracy was above chance when target and mask were presented to the same eye (Table 1 ; p Յ 0.01 for each subject individually), but was indistinguishable from chance when presented to different eyes (Table 1) . Together, these results demonstrate that the target was visible for same eye but invisible for different eyes.
Diverted attention
A control experiment confirmed that the continuous letterdetection task successfully diverted attention from the CFS targets (Fig. 3) . In this experiment, subjects were instructed to perform two tasks sequentially: target detection (press one of two buttons to indicate if a grating target was present) and letter detection (press one of two buttons to indicate if an X was present) (see Materials and Methods). Performance in both tasks depended on which of the two tasks was primary. For mask and target presented to the same eye, performance accuracy was higher in the grating-detection task when it was the primary task compared with when the letter-detection task was primary ( p Ͻ 0.0001, one-tailed, randomization test on the difference in performance). For target and mask presented to different eyes, performance in the grating-detection task was statistically indistinguishable from chance (by design, see above and Table 1 ), and consequently performance in the gratingdetection task did not depend on which of the two tasks was primary ( p ϭ 0.54, one-tailed randomization test on the difference in performance). Performance accuracy was higher in the letter-detection task when it was the primary task compared with when the grating-detection task was primary, regardless of whether that mask and target were presented to the same eye or different eyes ( p Ͻ 0.0001, one-tailed randomization test on the difference in performance).
Performance accuracy for the continuous letter detection task during the main experiment (in the scanner) was similar to performance accuracy when letter detection was primary during the diverted attention experiment. For the main experiment, a hit was defined as a correct button press recorded within the 1.2 s (six letters) following target appearance. A false alarm was defined as an incorrect button press when no target was presented during the previous 1.2 s. Hit rates were high for each of the four subjects (78.9, 77.01, 81.8, and 88.64%) , and false alarm rates were low (2.06, 0, 0.8, and 4.11%). Averaging the hit and false alarm rates across subjects yielded an average performance accuracy of dЈ ϭ 3.
V1 responses during CFS
V1 activity reflected both target contrast and target visibility (Fig.  4) . fMRI responses were measured in predefined subregions of each subject's V1, corresponding retinotopically to the location of the target. The measured response amplitudes evoked by the targets, within these predefined ROIs, were smaller when mask Figure 3 . Performance accuracy (dЈ) for the diverted attention control experiment, averaged across the four subjects. Values are presented for the two tasks and the two stimulus conditions (same eye and different eyes). Black, primary task was grating-detection; gray, primary task was letter-detection. and target were presented to different eyes compared with the same eye, for all three contrasts (low contrast: p ϭ 0.016, medium contrast: p ϭ 0.034, high contrast: p ϭ 0.004; nonparametric, one-tailed randomization test; see Materials and Methods). This result was evident for each subject individually; fMRI responses were smaller when mask and target were presented to different eyes compared with the same eye ( p Ͻ 0.05 for each subject individually, Wilcoxon signed-rank test, df ϭ 8; see Materials and Methods). In addition, the low-contrast, different-eyes stimulus (which was invisible) evoked V1 activity that was statistically indistinguishable from the mask-only (no-target) stimulus (p ϭ 0.48, one-tailed randomization test), and was smaller in amplitude than any of the stimuli for which the target was visible (p Ͻ 0.05 for all 5 conditions, one-tailed randomization test).
CFS suppression at higher stages of visual processing
The results in V2 and V3 were similar to those in V1 (Fig. 5) . Response amplitudes in V2 were generally higher than in V1. This was probably due to mask-evoked activity that was included in V2 ROI and not in V1 ROI (Fig. 2) . V2 has larger receptive fields and a less precise retinotopic map than V1 and consequently its ROI was less accurately restricted to exclude most of the mask-evoked activity as compared to the V1 ROI.
Response amplitudes for the targets were smaller when mask and target were presented to different eyes compared with the same eye, for all three contrasts (V2 ROI: low contrast: p ϭ 0.002, medium contrast: p ϭ 0.04, high contrast: p ϭ 0.009; V3 ROI: low contrast: p ϭ 0.001, medium contrast: p ϭ 0.03, high contrast: p ϭ 0.006). The low-contrast, different-eye stimulus evoked activity in V2 and V3, which was statically indistinguishable from the mask-only stimulus (V2: p ϭ 0.55; V3: p ϭ 0.17), and smaller in amplitude than for any of the visible targets ( p Ͻ 0.05 for all 5 conditions, one-tailed randomization test).
Our results are consistent with the hypothesis that the effect of CFS is entirely mediated by suppression in V1, and that subsequent stages of visual processing (such as V2 and V3) simply inherit the suppression from V1. A suppression index was used to compare visual areas (see Materials and Methods). There was no evidence for any differences in this suppression index across visual areas (two-tailed p Ͼ 0.05 for all pairs of areas in all contrasts).
It might be that additional suppression is evident in later stages of processing beyond V3, the strength of suppression might depend on the stimulus conditions, and/or suppression in early visual areas might be modulated (via feedback) by suppression in higher visual areas. There is evidence that CFS is stronger for some visual features than others (Jiang et al., 2007; Yang et al., 2007; Zhou et al., 2010; Mudrik et al., 2011; Sterzer et al., 2011) . Specifically, CFS has been found to be strongest for targets and masks with low spatial frequencies (Yang and Blake, 2012), suggesting that suppression is strongest for particular combinations of visual features in the target and/or mask. Some stimuli (like those used in the current study) are tailor-made to evoke cooperative and competitive interactions among subpopulations of neurons in V1, because V1 shows a functional organization for these stimulus features (orientation columns, ocular dominance columns, precise retinotopic map). Other stimuli, because of their spatial configuration or temporal properties, might evoke stronger suppression in later visual areas, as has been shown for binocular rivalry (Logothetis et al., 1996; Alais and Blake, 1999; Nguyen et al., 2001; Alais and Melcher, 2007) Additional measurements like those reported here could test for a correspondence between perceptual suppression due to CFS and its neural correlates, while systematically manipulating these various stimulus factors.
Statistical parameter maps
The main analysis described above was hypothesis driven and based on predefined ROIs. In addition, we performed complimentary statistical parameter mapping analyses, to search for post hoc differences in responses (same vs different eyes) across all gray matter voxels in the acquired slices, individually for each subject (see Materials and Methods) . No significant differences in activity were found, except for a few scattered voxels. It is likely that there are widespread effects of CFS in activity in multiple cortical areas, which might be revealed using hypothesis-driven, ROI-based analyses like we used in our main analysis. But the data at hand do not provide evidence for activity outside the . V1 responses were larger when the target and mask were presented to the same eye compared with different eyes, for all three contrast levels. B, fMRI response time courses, from each of the four subjects. Solid curves, same eye; dashed curves, different eyes. Red, high contrast; green, middle contrast; blue, low contrast.
hypothesized ROIs with this exploratory statistical parameter mapping analysis.
Discussion
CFS changes the gain of V1 responses
Responses in early visual cortical areas (V1, V2, V3) were smaller when the target and mask were presented to different eyes compared with same eye. This was the case for all three contrast levels, including the low contrast for which CFS rendered the target invisible and the medium-to-high contrasts for which the target was visible even when presented to the eye opposite the mask. These results are analogous to the changes in perception and neural activity that have been measured for a variety of other types of visual masking (Legge and Foley, 1980; Carandini and Heeger, 2012) .
Visual masking is hypothesized to be a consequence of normalization (Heeger, 1992; Foley, 1994; Petrov et al., 2005; Busse et al., 2009; Carandini and Heeger, 2012) . The idea of the normalization model is that the response of a neuron to its preferred stimulus (i.e., the target) is suppressed by the pooled (summed) activity of a population of neurons (the normalization pool) that are responding to the surrounding context (i.e., the mask). Specifically, the excitatory drive from the target depends on the contrast energy of the target, and it is normalized (divided) by the activity of the normalization pool, which depends on the contrast energy of the mask. The effect of the mask is, therefore, a change in contrast gain; superimposing the mask reduces responses evoked by the target in a manner equivalent to scaling its contrast (Carandini and Heeger, 2012) . Such suppression has been reported even when target and mask were presented to opposite eyes (Walker et al., 1998; Truchard et al., 2000; Wilke et al., 2003; Moradi and Heeger, 2009) . Indeed, interocular suppression (from different eyes) in V1 can be explained by the normalization model (Moradi and Heeger, 2009) . Different masks (e.g., same eye vs different eyes) can have different impacts on contrast gain; GFS (which is similar to CFS) has been reported to be most effective when the target and mask were presented to different eyes , and monocular rivalry is weaker than binocular rivalry, even though they are similarly affected by stimulus properties (O'Shea et al., 2009) . For all of these variations, the normalization model predicts that any given mask is equivalent to reducing target contrast by a fixed scale factor.
The implication of this model is that CFS does not switch neural activity "on" and "off," reflecting the dichotomy between "aware" and "unaware" states, but rather that it influences awareness by modulating the contrast gain of neural responses. A prerequisite for visual awareness is that the sensory/perceptual representation must be sufficiently stable and robust, i.e., that the stimulus-evoked responses are sufficiently large relative to the inherent variability in neural activity. Because CFS reduces the gain of the stimulus-evoked responses, the responses evoked by a low-contrast target do not satisfy this prerequisite. CFS has gained increasing popularity for studying visual awareness (Fang and He, 2005; Tsuchiya and Koch, 2005; Jiang et al., 2006 Jiang et al., , 2009 Bahrami et al., 2007; Yang et al., 2007; Sterzer et al., 2009; Tsuchiya et al., 2009; Hesselmann and Malach, 2011; Kang et al., 2011; Mudrik et al., 2011; Watanabe et al., 2011) , because it seems to be an elegant way to suppress a target without changing its basic visual properties. This is only partially true. CFS does not involve modifying the target itself, but does involve changing the context in which the target is presented. The mask is a more effective suppressor when target and mask are presented to different eyes compared with when they are presented to the same eye. This implies that the mask contributes more strongly to the normalization pool when target and mask are presented to different eyes compared with when they are presented to the same eye. This explanation of CFS is supported by the observation that CFS suppression is more effective when the target and the mask share similar spatiotemporal properties (Yang and Blake, 2012) . CFS does not "shut off" visual processing but rather selectively attenuates the activity in a subpopulation of neurons, just like other types of visual masking (Zadbood et al., 2011) . We conclude that CFS affects the gain of early visual responses, consistent with the extensive literature on visual masking.
Some studies have ostensibly shown that high-level information is suppressed by conventional masking and not by CFS, supposedly contradicting the hypothesis that both methods are based on gain modulation in early visual cortex. These studies used a method termed "breaking CFS" (b-CFS), in which the contrast of the CFS-suppressed target image is gradually ramped up until the observer can report its spatial location (Jiang et al., 2007; Yang et al., 2007; Zhou et al., 2010; Mudrik et al., 2011; Stein et al., 2011) . The b-CFS studies have been criticized, however, for not measuring or controlling response criteria, temporal uncertainties, and other factors impacting subjects' strategies (Stein et al., 2011) . When these factors were equated, no such differences were found between CFS and conventional masking, at least for the case of detecting upright and inverted faces (Stein et al., 2011) . It remains to be seen if the same applies to other b-CFS findings.
Previous CFS imaging studies
Previous fMRI studies have reported suppression of visual cortical activity during CFS (Fang and He, 2005; Hesselmann and Malach, 2011) . This suppression was reported in both early (Maier et al., 2008) and late (Jiang and He, 2006) visual cortical areas and both the dorsal and the ventral visual pathways (Fang and He, 2005; Hesselmann and Malach, 2011) .
There is, however, one previous fMRI study that failed to find a significant difference in activity between visible and invisible targets (Watanabe et al., 2011) . This study used fMRI with CFS to study the neural correlates of visual awareness and attention in human primary visual cortex (V1). Visual awareness was manipulated by presenting a target and mask either to the same eye, or to different eyes. In addition, attention was manipulated by instructing subjects to attend either to the region where the grating targets were presented, or to a target-irrelevant task at fixation. Activity evoked by visible (same eye) and invisible (different eyes) targets was indistinguishable in V1 (both when attended and when unattended), but attention to the spatial location of the target increased activity substantially in the retinotopically corresponding region of V1. The effect of attention on V1 activity has been reported numerous times (Gandhi et al., 1999; Kastner et al., 1999; Martínez et al., 1999) , including an interaction between attention and CFS in V1 (Bahrami et al., 2007) , and hence the novel finding was the lack of a difference in activity in V1 (a null result) between visible and invisible targets. They wrote that "the results regarding awareness in our study challenge the currently established view that the BOLD signal in V1 correlates robustly with the contents of perception" and concluded that "the difference in the lower-level limit of BOLD activation between attention and awareness illustrates dissociated neural correlates of the two processes" (Watanabe et al., 2011) .
Our current results overturn this negative finding. Using nearly identical stimulus conditions, we found that there was a difference in V1 activity for visible (low contrast, same eye) and invisible (low contrast, different eyes) targets. The most obvious difference between our experiment and theirs is that we averaged the measurements across ϳ3 times more trials per subject, to obtain the statistical power needed for distinguishing small differences in activity. We infer that the invisible and visible conditions corresponded, respectively, to V1 responses with low gain and slightly higher gain, and the differences in V1 activity between these two conditions were small and hard to detect. However, we make no claim about the relation between V1 activity and awareness.
The experimental protocol adopted by the previous fMRI study (Watanabe et al., 2011) did not include target-absent catch trials, so it is unclear if the targets were really invisible. Subjects in that study were instructed to attend to the targets and indicate target visibility, but their button press responses could have been based on each subject's ability to detect any difference between the two (same eye, different eyes) conditions, and hence is not sufficient proof that the targets were invisible. In addition, without catch trials it was impossible for them to determine whether their measurements had sufficiently high signal-to-noise ratio. Only by including catch trials were we able to establish that the low-contrast targets were invisible when target and mask were presented to different eyes, and that responses to visible (low contrast, same eye) targets differed from the responses to catch trials (no target), bracketing the range of response amplitudes that might be expected for the invisible (low contrast, different eyes) targets.
Conclusion
We infer that CFS changes the gain of stimulus-evoked neural responses. According to this idea, a target that is presented with a mask in different eyes is perceptually equivalent to a target of lower contrast with a mask in the same eye. This conclusion offers a step toward characterizing the computational processes underlying CFS. It also offers a quantitative point of view for studying awareness, based on visual masking, for which the empirical methods and theoretical principles have become well established over the past 40 years.
